Objective: It is well documented that there is wide variation in the response of serum 25-hydroxyvitamin D [25(OH)D] to a given dose of vitamin D supplementation. Understanding factors affecting the response variation is important for identifying subjects who are susceptible to vitamin D deficiency or toxicity. This study aimed to evaluate potential predictors for vitamin D response variation. is the best biomarker for assessing vitamin D status (1, 2). Although there is a debate regarding the cutoff line for an optimal serum 25(OH)D level for health outcomes, the importance of achieving and maintaining an optimal serum 25(OH)D level for overall health is well established.
S erum 25-hydroxyvitamin D [25(OH)D] concentration
is the best biomarker for assessing vitamin D status (1, 2) . Although there is a debate regarding the cutoff line for an optimal serum 25(OH)D level for health outcomes, the importance of achieving and maintaining an optimal serum 25(OH)D level for overall health is well established.
Vitamin D supplementation is a simple, inexpensive, and effective strategy to achieve an optimal serum 25(OH)D level. However, the change in serum 25(OH)D levels in response to a given dose of vitamin D supplementation varies widely from person to person (3, 4) . Because of the wide interindividual response variation, it is obvious that a one-size-fits-all approach will not work for vitamin D supplementation. Identifying factors accounting for the wide response variation is important for physicians to individualize vitamin D supplementation.
Few studies have been conducted to identify factors responsible for serum 25(OH)D variation in response to vitamin D supplementation. These studies suggest that body composition (5) , genetic variants of the vitamin D binding protein (6) , and the ratio of serum 24,25-dihydroxyvitamin D to 25(OH)D (7) may contribute to variation in serum 25(OH)D levels in response to vitamin D supplementation. However, these factors have not been confirmed in large-sample-size populations. In addition, most of the studies did not consider the season when subjects joined in a vitamin D clinical trial. This may confound the findings. This study aimed to identify environmental factors that would impact the efficacy of vitamin D supplementation in a large vitamin D intervention trial.
Materials and Methods

Subjects
Subjects come from a completed 4-yr, population-based, randomized, placebo-controlled, double-blinded vitamin D clinical trial (8) . It was designed to investigate the effects of a calcium and vitamin D intervention on preventing fracture. The study enrolled 1179 community-dwelling postmenopausal women aged older than 55 yr from the rural area of east Nebraska centered at latitude 41.4°N. The study began in May 2000 and completed follow-up in 2005. The blinding of the study has been broken. Participants are non-Hispanic, white, postmenopausal women and generally healthy. Exclusion criteria included any chronic kidney diseases and Paget's or other metabolic bone diseases. Women with a history of cancer were included only if they had been cancer free for 10 yr or longer. All subjects provided written informed consent. The Institutional Review Board at Creighton University (Omaha, NE) approved the project.
Subjects were randomly assigned to receive 1400 mg/d supplemental calcium alone (Ca-only group), supplemental calcium (1400 mg/d) plus 1100 IU/d vitamin D3 (CaϩD group), or double placebos (placebo group). As reported (8) , there was no significant difference in any of the baseline characteristics [age, weight, height, calcium supplement, body mass index (BMI), and baseline serum 25(OH)D levels] in the three groups. From the 1179 subjects, we selected 1063 subjects in whom were measured their serum 25(OH)D level at both baseline and the 12-month visit.
Clinical measurement
Blood for this analysis was drawn at baseline and again at 12 months. It was collected after a 3-h fast, and participants were asked not to take vitamin or mineral supplements that morning. The blood collection dates were transformed into four seasons (March through May, spring; June through August, summer, hot season; September through November, autumn; December through February, winter, cold season). Other important variables that may influence variation in serum 25(OH)D such as age, weight, height, total body fat, total body lean, smoking habit, total calcium supplement, serum calcium levels, blood collection dates, adherence to the trial vitamin D supplementation, and self-selected vitamin D supplementation were collected at the baseline and at the end of the study. BMI was defined as weight (kilograms) divided by height squared (square meters). Compliance with trial vitamin D supplementation was assessed at 6-month intervals by bottle weight and mean adherence (defined as taking Ն 80% of assigned doses) was 86% (8) .
The primary phenotype for the study was vitamin D response variation. It was computed as:
Vitamin D response variation ϭ C 12-month Ϫ C baseline where C 12-month and C baseline were measurements of serum 25(OH)D concentration at the end of a 12-month vitamin D supplementation and at baseline, respectively.
The trial vitamin D supplement was calculated as per-protocol supplement dose adjusted for individual compliance rates.
In the study, in addition to the administrated trial vitamin D, we allowed subjects to take their self-selected vitamin D supplement. We named the self-selected vitamin D supplementation outside the trial as outside vitamin D supplement. We measured outside supplementation at baseline and at the end of the study. Some subjects changed their outside supplement dose during this time. We used the average amount of supplement (the outside vitamin D at baseline and the end of the study) as the outside vitamin D supplement intake at the end of 12-month treatment. The total vitamin D supplement intake is the sum of outside vitamin D supplement intake and the trial vitamin D supplement. The increase in vitamin D intake was the difference in total vitamin D supplement intake between baseline and the end of 12-months treatment.
Statistical analyses
Statistical analyses were performed with SPSS version 16.0 (SPSS, Chicago, IL). Unless otherwise stated, all tests were done two tailed, and P Ͻ 0.05 was considered statistically significant.
Descriptive analyses were conducted for serum 25(OH)D status as well as other major factors. One-way ANOVA was performed to compare the mean value of baseline serum 25(OH)D, the 12-month serum 25(OH)D, and the 12-month increase in serum 25(OH)D between subjects with different blood collection seasons. One-sample Kolmogorov-Smirnov tests were conducted for testing the normal distribution of traits.
Stepwise linear regressions were performed to detect potential predictors for vitamin D response variation in the 1063 subjects and the 392 subjects in the CaϩD subgroup. Potential predictors included age, weight variance inflation factor (VIF), height, BMI, total body fat, total body lean, blood collection season at baseline, smoking habit, trial vitamin D, total amount of calcium supplement, baseline serum 25(OH)D levels, and serum calcium levels. Multicollinearity of regressions was tested, and less than 5.0 was considered noncollinearity. Pearson correlations and partial correlations were used to confirm the association between the traits and vitamin D response variation.
Results
Among 1179 samples, 1063 subjects had their serum 25(OH)D level measured at both baseline and the 12-month visit. Descriptive information for the 1063 subjects is shown in Table 1 
Wide variation in serum 25(OH)D levels in response to trial vitamin D supplementation
Consistent with other reported vitamin D supplementation studies (5, 9 -13), a wide variation of serum 25(OH)D concentration in response to trial vitamin D supplementation was observed in the 392 subjects in the CaϩD group. The distribution of the 12-month increase of serum 25(OH)D was shown in Fig. 1 . As was visually evident, the distribution is normal (Kolmogorov-Smirnov test, P ϭ 0.366). Of greater interest was the great spread of response variance. The mean 12-month total serum 25(OH)D increase was 23.9 nmol/liter, the SD was 17.8 nmol/liter, the range was from Ϫ31.4 to 80.2 nmol/liter, and the CV was as high as 74.4%.
Identifying predicators for vitamin D response variation
We used stepwise linear regression model to identify predictors for vitamin D response variation among the 1063 subjects. Table 2 shows the significant variables entered in the model and their contributions to the model. Increase in vitamin D intake entered first and accounted for the largest portion of the response variation (37.5%). Baseline serum 25(OH)D entered next, and it was negatively associated with the increase of 12-month serum 25(OH)D. Baseline blood collection season, serum calcium level, and BMI were entered later. In total, these five factors explained 46.8% to the overall model.
We further conducted regression analysis in the 392 subjects with trial vitamin D supplementation. Baseline total serum 25(OH)D levels, trial vitamin D supplement, and baseline blood collection season entered in the regression model. The three variables explained 24.7% of the total variation. Baseline serum calcium level and BMI were not selected by the regression model (Table 3) .
Seasonal effect on baseline serum 25(OH)D and vitamin D response variation
The regression results in the 1063 subjects and in the subgroup of 392 CaϩD subjects both showed that base- line blood collection season was an independent factor predicting vitamin D response variation. The results were also confirmed by partial correlation by controlling an increase in vitamin D supplement, baseline serum 25(OH)D, BMI, and baseline serum calcium levels in both the 1063 subjects (r ϭ 0.124, P Ͻ 0.001) and in the 392 subgroup (r ϭ 0.158, P ϭ 0.002). Figure 2 and Table 4 presented the average baseline serum 25(OH)D, the increase in serum 25(OH)D, and the serum 25(OH)D levels at the 12-month visit (baseline plus increase) among the 1063 subjects, distributed along with the four blood collection seasons. A significant difference of baseline serum 25(OH)D levels is found between summer and winter (P Ͻ 0.001) ( Table 4) . Consist with previous studies (14, 15) , the baseline serum 25(OH)D levels were significantly higher in subjects enrolled in summer than in winter (P Ͻ 0.001). However, after a 12-month vitamin D supplementation, there was no significant difference in serum 25(OH)D levels among subjects enrolled in different seasons (P ϭ 0.374) ( Table 4) . That is, the subjects who start vitamin D treatment in winter achieve a significantly greater serum 25(OH)D increase than those who start in the summer (P Ͻ 0.001). Seasonal impact on baseline serum 25(OH)D is well documented. Consistent with other studies (14, 15) , our study confirmed that serum 25(OH)D levels were lower in the winter than in summer because synthesis of vitamin D was affected by the amount of sun exposure and time of year.
Discussion
The seasonal impact on vitamin D response variation has not been reported. Our study indicates that subjects The feedback mechanism may explain part of the seasonal effect. Low serum 25(OH)D levels in a cold season would give a subject more room to increase serum 25(OH)D levels than those who started in summer. However, the association of blood collection season and vitamin D response variation remained significant, even after adjusting for baseline serum 25(OH)D, BMI, and other significant factors. The mechanism underlying the association between blood collection season and vitamin D response variation is unknown but hints of an endogenous mechanism that protects against vitamin D intoxication during long-term sun exposure. Many studies have documented a negative association between BMI and total serum 25(OH)D levels due to an expanded pool for storage of 25(OH)D in adipose tissue (16 -19) . However, the impact of BMI on dose response to vitamin D supplementation is not well studied. In the study by Blum et al. (5) , 257 healthy men and women older than 65 yr were randomly assigned to treatment with either supplemental vitamin D and calcium or placebo. After adjusting for baseline 25(OH)D, season, and gender, baseline BMI was inversely correlated with a 12-month increase in 25(OH)D. However, some studies found no correlation between BMI and change in 25(OH)D levels (18, 20) . We also found inconsistent results in this study. (6, 7) . In addition, large genome-wide association studies (24, 25) indicated that genetic variants of vitamin D receptor (VDR), 7-dehydrocholesterol reductase (DHCR7), and cytochrome P450 2R1 (CYP2R1) genes are associated with baseline serum 25(OH)D variation. Due to the lack of data, it is unknown whether these genes are important for vitamin D response variation in our sample.
The advantage of this study lies in its large sample size compared with previous studies. In addition, using 12-month vitamin D supplementation data reduced the confounding effect of season. Several limitations existed in the study. First, we did not have data for dietary vitamin D intake and sun exposure. Second, the quality of self-reported vitamin D supplementation data is not as high as the trial vitamin D supplementation. Third, our research was limited to non-Hispanic postmenopausal women. The results from the study may not be generalized to other populations.
In summary, our study suggests that increase in vitamin D intake, baseline serum 25(OH)D level, and baseline blood collection season are the three most important predictors for serum 25(OH)D levels in response to vitamin D supplementation in non-Hispanic white postmenopausal women. For a given dose of vitamin D supplement, subjects who started a vitamin D supplementation trial during a cold season and with low baseline serum 25(OH)D would be more sensitive to vitamin D supplementation, compared with subjects who started during a hot season and with high baseline serum 25(OH)D levels.
